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ABSTRACT

The PMG-Delta experiment was launched on 26 June 1993 to

test basic tether electrodynamic principles. The 500 m

conducting tether deployed from the second stage of a Delta-

rocket, and provided -3 orbits o &-Z ul information. The

tether was equipped at both ends with xenon hollow cathodes.

With both cathodes operating, currents up to 0.3 A could be

driven in either direction. Plasma impedances outside the

tether were as low as a few hundred ohms at peak current

during daytime/perigee (200 km). Large impedances (10-100 12)

occurred at night/apogee (900 km), or when one cathode cyclced
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I. IN2ODUCTION

The electrodynamic tether is, at its most basic level, a wire

moving through a magnetic field. The relationship between the

resulting electric field, currents, and forces has fascinated

physicists since the days of oersted in 1820.[Ref. 1: p. 636]

Space tethers emerged as a concept in the early 1970's with the

work by Mario Grossi, and with encouragement of Hannes Alfven. A

long wire in space, anchored (or not) at the ends with satellites,

is a stable system, due to gravity gradient effects.[Ref. 2] As

such, an electrodynamic tether offers intriguing possibilities as

both a motor and generator.

For the propose of studying these phenomena, a joint venture

of the United States' National Aeronautics and Space Administration

(NASA) and Italy's Agenzia Spaziale Italiana (ASI, the Italian

Space Agency) developed the Tethered Satellite System (TSS-l).

In July 1992, the shuttle deployed a heavily instrumented

satellite as a test of tether electrodynamics. Unfortunately, the

20 km cable jammed at 570 feet (USA Today, Aug 5,1992). Relatively

low voltages were induced (-40 V) and the corresponding currents

were low.(15 mA)(AW&ST, August 10,1992) One reason for low

currents in such a system is poor electrical contact with the local

plasma environment.

The plasma motor generator experiment, PMG-Delta, was designed

to study this electrical connectivity problem. Using Xenon based

hollow cathodes also termed plasma contactors,[Ref. 3] the 500-m
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tether system was deployed from the second stage of a Delta-rocket.

The ".;,rk which follows considers the electrodynamic behavior

of the system.
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A. T 3UVarl•iilllT OFP TU KIP, RlINEU~qT

The upper layer of Earth's electrically neutral atmosphere

where the experiment took place, is characterized by the presence

of electrically charged gases, or plasma. This region, which

extends from 85 km to approximately 1,000 km, is known as the

ionosphere. The bounciaries of the ionosphere vary according to

solar activity. In sunlight, gases in the atmosphere will be

ionized by the radiation from the Sun. On-e an atom is ionized, it

remains charged until it meets an electron; it then very likely

recombines with an electron to become neutral again. In darkness

the density of ionized gas will be lower. Ionized particles will

drift due to effects of .he magnetic field and electric fields.

Above the ionosphere is the magnetosphere, which extends from

1,000 km to 60,000 km on the side toward the Sun, and trails out

more than 300,000 km away from the Sun. The magnetosphere is the

region surrounding Earth in which the geomagnetic field plays a

dominant role in the behavior of charged particles.[Ref. 4]

Figure 1 shows the variation in plasma density with altitude

in the ionosphere.[Ref. 5: P. 128] The big difference between day

and night is important in our experiment.

B. GmIlIN

The first tether in space experiments took place in September

and November of 1966. The Gemini XI and XII spacecraft together

3



with the Atlas-Agena D spent stage performed these experiments.

Figure 2 shows the simple connection of Gemini

spacecraft/target-vehicle tethered configuration. In Gemini

program, one mode of operation consisted of intentionally inducing

an angular velocity in the tethered system by translational

thrusting with the spacecraft propulsion system. The other mode

involved tethered, drifting flight during which the effect of

gravity gradient on the motion of the system was of interest.

Those two modes of tethered vehicle operation were completely

successful.[Ref. 6]

C. TETERED SAT13LITE SYS?=

The next major tether experiment was TSS-1. The Tethered

Satellite System has five major components: the deploye? system,

the tether, the satellite, the carriers on which the system is

mounted, and science instruments. Figure 3 shows the rough

configuration of the shuttle, with the deployer extended. Figure

4 shows the shuttle bay prior to extension of the deployer. [Ref. 7)

Figure 5 shows the 1200 pound Italian satellite in an artist's

sketch.(Huntsvile Times, July 27,1992)

The physics of the system is simple. As illustrated in Figure

6, the orbital motion of the deployed system results in an

electrical field of the order of 200 V/km along the tether. The

resulting potential difference between the ends of the tether will

nominally cause the far ends to float positive and negative, with

respect to the plasma at the ends of the tether. Hence, charges of

4



the appropriate sign will flow to the orbiter and satellite, and a

net current will flow through the tether.

In order for a complete circuit to exist, current must flow

through the plasma. It is difficult for the highly magnetized

plasma to conduct such currents, and it is believed that closure

may occur via currents along magnetic field lines down into the E-

region where collisions allow currents to flow perpendicular to the

magnetic field.

In July 1992, TSS-1 was launched on STS-46. Everything worked

reasonably well, until -175 m out, when the cable snagged. Figure

7 shows the deployed satellite. (USA Today, August 5, 1992) The

relatively short deployment restricted the VxB induced potential

drop to -40 V, and the resulting currents only reached -15 mA.

(AW&ST, August 10,1992)

The mission was successful, however ,in demonstrating

successful (dynamic) control of the satellite, alleviating many

fears about the mechanical behavior of the tethers. A reflight is

planned for 1995.

D. TMHROLLOW CRTHODE

One reason for relatively low currents in the TSS-1 mission

may have been relatively high impedances at the satellite-plasma

boundaries. One way to deal with this problem is to put plasma

sources on the satellites. Gas discharge plasma generators, such

as hollow cathodes, can provide an electrical bridge to the more

5



diffuse ionospheric plasma.(Ref 8] Such devices have been termed

'Plasma Contactors'. A major purpose of the PMG-Delta experiment

was to test this technology, as applied to a tether system.

Hollow Cathodes, in space applications, have their origins in

ion engine technology.(Ref 9, 10] Figure 8 shows an early design,

due to Rawlin and Pawlik(1968). The primary change since that time

has been the transition from rolled foil inserts to porous tungsten

inserts, impregnated with barium carbonate (Ba CO3 ).

The Hollow cathode design used for PMG provides a supply of

Xenon gas within a hollow electron emitter cathode heated to

approximately 1300 0 C. A strong voltage gradient between the

cathode and corresponding anode plate establishes a plasma

discharge to create a partially ionized gas. The free expansion of

this ionized gas plume from the Hollow Cathode Assembly (HCA) into

the surrounding ionosphere creates a region of increased plasma

conductivity extending many meters into the ambient plasma. The

HCA system configuration is illustrated in Figure 9.

Z. SaDS

In the Tethered Satellite System, the deployer is the Small

Expendable-tether Deployer System (SEDS), whose design is due to

Joe Carroll. This design flew once previous to PMG-Delta, as a

non-conducting tether, also successfully deployed from a Delta

second stage on March 29, 1993. It has subsequently been flown

again, on March 9, 1994.

6



The concept of SEDS design are: simplicity, non-

retrievability, low tension, minimum braking, and a wide swing.

The SEDS consists of four key components: the tether wrapped on a

aluminum core and located in a canister; the brake/cutter assembly;

the endmass (or payload); and the electronics control and data

system. Figure 10 shows each component of SEDS arrangement inside

Delta II second stage. Figure 11 illustrates the SEDS location on

Delta II launch vehicle. Figure 12 shows the Delta second stage

with deployed tether.[Ref. 11, 12]

7
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The primary objective of the PMG-Delta flight experiment was

to verify the ability of hollow cathode plasma sources to couple

electrical currents from either end of a long wire to the

ionospheric plasma in Low Earth Orbit (LEO).

The PMG flight hardware consisted of four major subsystems:

the Far End Package (FEP), Near End Package (NEP), electronics box,

and Plasma Diagnostics Package (PDP). Figure 13 shows the system

deployed, with the electrical dynamics of motor and generator modes

shown. The deployer is the SEDS design described in the previous

section.

The mechanical layout for the PMG experiment is illustrated in

Figures 14 and 15 . Note that the dimensions are of order -12

inches.

This assembly was carried aboard an Air Force Delta-II rocket

and launched on June 26, 1993 at 13:27 GMT. After separation, the

PMG system was left in an elliptical orbit (207x922 km) at 25.70

inclination. Twenty six minutes later, the PMG system was powered

on by automatic command. The FEP was deployed 400 seconds later

and subsequently stabilized above the NEP via an 18-AWG 500-meter

copper-wire tether.

Table 1, from the PMG mission report (Jost and Stanley, 1994)

shows the timeline of important events. In addition to the events

listed here, the NEP hollow cathode changed mode at 01:00:50,

apparently from spot to plume mode (Figure 16). This change was

8



anticipated, and is a result of the gradual drop in gas pressure in

the supply.

TAWe 1. F'MG on-orbit event limetine

EVENT EVENT ID PMGT (sec) GUT pIIIhnwWrs)
Launch I -1600 13:27.00
End second stage depletion burn 2 -46 13:52:54
PMG power on 3 0 13:53.40

Electrometer calibration (64 see) 4 251 13:57:51
FEP slari sequence 5 317? 1403:06
NEP start sequence 6 329 14:03.20
Start continuous current read (242 sec) 7 364 13:59.44
Segon FEP/lether deployment 8 400 14:0020
E-nd Continuous current read 9 606 14:05:50
High current mode (44 sec) 10 607 14:05.11
First standard data frame, (61 saic) I11 651 14:04:31
Day - night (spacecraft) 12 1170 14:1310
Geographic equator (asc) 13 2147 14:29:28
Apogee (868 kin) 14 2489 K434:49

Magnetic equator cross (asc) 15 2545 14:36:05
High current mode (44 sec) 16 2683 14:41:13
High current mode (44see) 17 3194 14:46:54

Night -o day (spaectiraft) 1s 3259 14.47.50
High current mode (44 sec) 19 3854 14:54:34
Ggraphicf equator cross (dec) 20 505 15:17:54
Perigee (194 kin) 21 5314 15:22:14
Geomagneti equaor cross (des) 22 5416 15:23:56
Day .- night (apececraft) 23 6667 15:46:27
Gographic equato cross, (aon) 24 7650 16:04:19
Apogee (ON6km) 25 8190 16:10:10

magnetic equatr cross (ase) 26 8320 16:12:20
Night -# day (spacecraft) 27 8970 16:23:10
High current mode (44 sac) 28 9031 16:24: 11
High current mode (44 sec) 29 9313 16:26:53

Last ellectrometer161 data frame 30 9655? 16.34:32
Electrometer calibration (33 see) 31 9655 16:34:35
High current mnode (throug LOS) 32 Me6 16:35:46

Geographic equator cross (dee) 33 10,761 16:53.39
Magnetic equator cross (e)35 11.156 16 59:16

Oaw .- night (spacecraft), 34 12,600 17:23:36
Geographic equator cross (ase) 36 13,552 17:30:10
Magnetic equator cross (asc) 37 14.033 17:47.20

Loss of telenietby 36 14.415 17.54.33
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The system was in a high current mode at this point, and no

useful current telemetry are available to determine effects due to

the change in cathode mode.

Figure 17 shows the altitude of the vehicle, and Figure 18

shows the orbital track. Note that perigee was in the middle of the

day, so the day-night effect reinforces the altitude effects on

local plasma density.

The PMG experiment was designed to measure currents and

potentials across through the tether, as a function of tether

voltage. Figure 19 shows a simplified schematic of the system.

The load resistance could be set at 2.2 MO to make tether voltage

measurements, and at 0, 100, 200, and 5009 in current mode. The

electrometer switched between 100 MA and 1 A full-scale modes for

the corresponding measurements. The applied bias could be cycled

from +65, +30, ±0, -65, -130 V. The ±0 modes correspond to zero

bias, with diodes set for positive current flow in the signed

directions. A "shorted" mode was available, but electrometer

measurements in this mode were saturated, and are not shown.

The standard data frame sequence is illustrated in Figure 20.

Each voltage, resistance sweep took approximately 10 seconds. The

Bias voltages was varied at 10 second intervals, with the load

resistance stepped at 2 second intervals. The 2 second dwell at

2.2 Mf produces a potential measurement (LHS); subsequent

measurements provide current at 500 9, 200 0, 100 0 and 0 9 load

resistance. There is -160 0 resistance in the tether and PMG

circuitry, besides the load resistance.

10



Note that no current flows at -0 V bias, due to the diodes in

the circuit. Curves are labeled with the time tag obtained at the

end of each 9 to 10 second sequence.(Timing varies slightly

according to the measurements, because of an antiquated CPU in the

control electronics).

In addition to the sequence of events illustrated here, there

was sequence of the FEP hollow cathode every 10 seconds. Discharge

power for the FEP was shut off for 10 seconds in every 90 seconds.

Details of this effect will be discussed below.

11I



IV. OBSZIVTIOM

The great majority of the data collected by PMG are in the

standard mode of bias voltage/load resistance sequences already

illustrated. These data are examined in more detail below. First,

however, the deployment sequence is shown.

A. DIPWMNEiT

The hollow cathodes were switched on prior to deployment. The

assembly was released, and reached its 500-meter extension in a few

seconds. This process was conducted with the +65V bias applied,

and with zero load resistance.

Figure 21 shows the deployment data. The current drops

sharply once the FEP separates from the Delta second stage. The

initial sequence of variations is not clearly understood, but it is

apparent that the system quickly settles down to -0.075 A, with a

modulation of -5 to 10 mA. The large drops at 00:07:30 and

00:09:10 are due to the cycling of the FEP hollow cathode. The

current effectively drops to zero. This behavior will be further

explored below. For now, it should be noted that the system is

still in daylight and at a relatively low altitude.

B. STANDARD NODES

The data from the basic mode were examined for the 2h hour

period during which such sequences were run. Subsequent to this,

the "high current" mode was used, where the electrometer current

12



could not b- measured. Figure 22 shows the data at the 01:32 mark,

at perigee, just after crossing the magnetic equator.

These measurements show currents near the peak magnitude

observed during the mission. The +65 V bias data show a potential

measurement of -125 V, implying a tether voltage of -60 V.

Subsequent bias steps show appropriate drops in potential. The +OV

and +30 V bias show a variation due to the -3s time constant of the

bias circuit; the potential has not quite stabilized at the end of

the potential measurement at those levels.

Variation around the behaviors shown here were driven by

changing environments, and the cycling of the FEP hollow cathode

power.

1. Tether current depends on the environment

The current through the tether depended strongly on the

environment. Figure 23 shows one of first sequences. By contrast

with the data shown in Figure 22, the currents observed for

positive bias voltage are very low. In fact, they have fallen

below the values observed five minutes earlier during the

deployment. The current observed for -130 V bias is still

relatively high, -0.1 A. Figure 24 is a plot of data taken five

minutes later (data frame 9) from 0:17:55 to 0:18:52. It is an

example that indicates the current was at as low as 0.02 A (the

electrometer resolution) for all bias voltages except -130 V. Most

of the night-time data looked like this.

13



The peak currents were observed in daylight in the next orbit.

Figure 25 and 26 show the data from frames 83 and 85. Figure 25

shows the most negative current measurement, - -0.3 A, taken at

-130 V bias. Figure 26 shows the largest positive current,-0.18 A,

taken at +65 V bias. The currents again dropped as the tether was

eclipsed. In the final orbit, currents were just rising above zero

as the sequencing ended.

Figure 27 shows the data from the last sequence, data frame

145. There is a modest positive current of -0.05 A at +65 V bias,

and a similar magnitude current observed at -130 V bias. The drop

in the current observed at +65 V bias, 0 0 load resistance occurs

when the FEP hollow cathode shuts off, as addressed below.

The complete data set is summarized in Figures 28 and 29. The

potential measurement from the 6 bias levels are shown in Figure

28. The top half of the figure shows, in descending order, data

taken at +65,+30 and +0 bias. The bottom panel shows the data

taken at -0, -65, and -130 V. The wide spread in the +30 and +OV

data are due to the slow decay of the capacitor in the bias

circuit, as shown above. The small gap at +100V is due to a bit

error in the electrometer.

The non-zero values for the -0 V bias data are something of a

mystery. The outlying data values are due to the FEP cathode

cycle, as discussed below.

Figure 29 shows the currents measured at +65V bias, and -130

V bias, for zero load resistance. Note that the currents in the

negative direction are uniformly larger in magnitude than the

14



positive currents, even though the net potential in that direction

is less than the net potential for +65V bias. The downward spikes

in the +65 V trace are again due to the FEP cycling.

C. TE EFFECTS OF HOLLOW C&LTODE

As noted several times above, the operating condition of the

FEP hollow cathode has dramatic effects on the system. It should

be noted that when the FEP cathode discharge is shut off, gas

continues to flow. The FEP cathode was programmed to cycle off for

10 seconds in every 90 seconds. The "ON","OFF" timing is shown in

Table 2. The data were surveyed for evidence of the transitions,

since no telemetry is available after deployment. In Table 2, the

mark "X" means that there is no clear evidence of the HCA was under

"ON" or "OFF" condition.

Table 2: Hollow cathode "'ON", "OFF" timing

"OFF" "ON" PERIOD

0:12:41 0:12:51

0:14:01 0:14:11 90"

0:15:39 0:15:49 88"

0:17:13 0:17:23 84"

X 0:18:57 94"

x x

0:21:58 0:22:08

X x

0:25:08 0:25:17

X 0:26:50 93"

x x

15



x x

0:32:58 0:33:08

x x

0:36:05 X

X 0:37:50

x x

0:40:47 0:40:57

x x

0:43:54 0:44:04

X 0:45:38 94"

x x

0:51:43 x

x 0:54:58

0:56:23 x

x x

x 1:02:46

1:05:43 1:05:53

x x

1:14:57 1:15:07

x x

1:18:02 1:18:11

x x

1:21:06 x

1:22:36 1:22:46

1:24:11 1:24:21 95,,

1:25:40 1:25:50 8_9,, _

1:27:12 1:27:22 9211

1:28:41 1:28:51 89._

1:30:12 1:30:22 91"

1:31:44 1:31:54 92"1

16



1:33:14 1:33:24 90"

1:34:44 1:34:54 90"

1:36:14 1:36:24 90"

1:37:44 1:37:54 90"

1:39:15 1:39:25 91"

1:40:44 1:40:54 89"

1:42:13 1:42:23 89"

1:43:44 1:43:54 91"

1:45:13 1:45:23 89"

x x

1:48:12 1:48:22

x x
1:51:13 1:51:23

x x

1:54:13 1:54:23

x x

1:57:11 1:57:20

x x

2:00:11 2:00:21

x x

2:03:11 2:03:21

x x

2:06:11 2:06:21

2:07:39 2:07:49 88"

2:09:09 2:09:19 90"

x x

2:12:07 X

X 2:13:47

2:15:06 X

X 2:16:45
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2:18:07 X

X 2:19:45

x x

X 2:22:45

x x

2:25:35 2:25:45

x x

2:28:34 2:28:44

x x

x x

x x

2:36:04 2:36:13

x x

2:39:04 2:39:13

The effects are studied by comparison of adjacent data frames.

Figure 30 shows data from an "OFF" cycle at 1:25:39. The cathode

shuts off while the bias is set at +65V, and the load resistance at

100 ohms. The current drops from 0.12 A abruptly to 0.03 A, with

a further slow decrease to 0.02 A. Data from adjacent data frames

are shown to demonstrate that environmental changes are not the

cause. These measurements occur in the time period of peak tether

current, and presumably the peak ambient electron density.

Figure 31 shows a second illustration, in a similar

environment, but with a change of the opposite phase. Note that

there is again a fairly large initial change, with a slower (one to

two second time constant) approach to the full value.
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The above two cases are for positive bias (generator mode). In

the opposite polarity, almost no change is found. Figure 32 shows

the data for an FEP off cycle at 01:39:15, and indicates a lack of

variation at -130 V bias.

The change in plasma impedance indicated by these data affects

the potential measurements, as well.

Figure 33 shows the contrast for HCA "ON" vs "OFF". When the

HCA was on, the measured potential across the 2.2 MG load

resistance was approximately 20 volts higher than when HCA was off.

The system is now more obviously acting like a voltage divider.

The potential drop across the plasma is -15% of the total,

indicating -300 KQ impedance in the plasma, when hollow cathode is

off.

Figures 34 and 35 are other examples. The illustration in

Figure 34 is nearly identical, and shows that the effect

illustrated is not coincidental. In Figure 35 data taken at +0 V

bias are shown. We can see that at 1:48:22 the potential rises

sharply at the end. This is due to the hollow cathode turning on.

The gradual slope is again due to the bias circuitry slowly

decaying. Shifting the curve trace horizontally indicates a -15 to

20 V drop in potential with the cathode off. Similar comparisons

at -130 V showed no change.

D. SYST I%=

System impedance includes load resistance, tether resistance

and the resistance of the plasma, In this case, we know the tether
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system resistance (equal 160 9) and the load resistance. What we

want to know is how the system impedance is influenced by plasma.

1. Plasma impedance

The impedance of the system can be estimated by dividing

the measured voltage by the measured current. The known

resistances can be subtracted off, the remainder should be due

primarily to plasma effects. Figure 36 shows data from frame 80

with the inferred plasma impedance at different bias voltage and

load resistance settings. We can see that the minus bias voltage

always gives the lower plasma impedance. It seems that the plasma

has negative resistance. The resistance declines as the current

increases. Data from data frame 91 are show in Figure 37. Here the

HCA is off during the +65 V measurements giving substantially

higher impedance estimates. The impedance is not as high as the

-300 KO obtained above at low current (2.2 MQ), however. It is

apparent that the impedance depends strongly on the bias voltage

and load resistance, implying a dependence on current.

The data are show as a plot of impedance vs current in Figure

38 (from data frame 80). The larger magnitude currents give lower

impedance, and negative currents show lower impedance than positive

current of the same magnitude. This effect depends on the

environment, also. Figure 39 shows data taken earlier, at

00:18:05. The impedance never drops below 1 KQ, and exceeds 10 KQ.

It is a strong evidence that the system impedance depends on the

plasma density.
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V. SU1@QRY AND CONCLUSZIOS

During the PMG experiment, the flight telemetry system

transmitted 146 frames of electrometer current measurements. Each

frame consisted of all combinations of 6 bias voltages and 5 load

resistances to characterize the electrical connection to the

surrounding LEO plasma.

Reviewing, the following facts were observed.

1. The highest current measured in Generator mode is

approximately 0.18 A.

2. The highest current measured in Motor mode is

approximately 0.30 A.

3. The highest induced potential in Generator mode is

approximately 120 V.

4. The FEP-HCA off state gives almost zero current in

Generator mode. It has no effect in motor mode.

5, Almost no current is observed at night.

6. It is not effective for tether system be used as

generator or motor in night. The ionosphere will not supply

enough electrons for the power.

7. According to the experiment, the currents depend on HCA

working state. The HCA effectively decreases the impedance

between plasma and the satellite.
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The current may not be proportional to the induced potential.

The limitation seems to be how many electrons can be supplied by

the ionosphere.

In this experiment, the tether only deployed 500 meter. It is

not known how a longer tether will affect the system efficiency. We

will expect further experiment.
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Figure 1: Plasma density with altitude in the ionosphere
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Figure 2: Gemini spacecraft tethered configuration
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Figure 3: TSS operation concept
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Figure 4: TSS configu ationrncrgma
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Figure 5: Shuttle-tether-satellite sketch
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Figure 22: Data frame 80
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Figure 23: Data frame 4
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Figure 24: Data frame 9
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Figure 25: Data frame 83
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Figure 26: Data frame 85
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Figure 31: Current change with FEP/HCA working state
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Figure 32: No current change with FEP/HCA working state
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Figure 33: Potential change with HCA working condition
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Figure 34: Potential change with HCA working condition
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and load resistance
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Figure 38: Impedance with current
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Figure 39: Impedance with current
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